The bioeconomy is a worldwide used strategy to cope with ecological, social, and economic sustainability challenges. However, we analyze current bioeconomy strategies and trends to point out potential sustainability conflicts and transition challenges. Our analysis shows that the bioeconomy is not sustainable per se, as mere input substitution may entail welfare losses. Instead, it requires further debates and actions to avoid exacerbation of ecological and social strains. Sustainability has to be the key concept behind the bioeconomy and predominantly requires (1) sustainability of the resource base and (2) sustainability of processes and products, especially by (3) circular processes of material fluxes, not least to gain consumer acceptance for bio-based products. Otherwise, the bioeconomy would only entail the substitution of fossil resources for bio-based resources potentially lacking the generation of additional societal and ecological benefits and contribution to climate mitigation. As markets alone will not suffice to fulfil this path transition towards a sustainable bioeconomy, we argue that innovative governance is necessary to reduce competitive drawbacks compared to fossil resources (enabling function) and to secure ecological, social, and economic sustainability requirements (limiting function).
Introduction
The global economy has to feed an increasing world population with a simultaneous rise of the living standard, but is restricted by planetary boundaries [1] . Here, the concept of using bio-based resources ("bioeconomy") might be a promising contribution to a transformation towards a sustainable economy and way of living [2] [3] [4] [5] . The sustainability of current production and consumption patterns may be improved through a change from a fossil-based throughput economy towards a bioeconomy with bio-based and recirculated products and renewable energy [5] . Thus, an important contribution to the compatibility of societal development with long-term protection of our livelihoods may be accomplished.
The bioeconomy is associated with far-reaching expectations regarding a number of sustainabilityrelated policy aims, such as climate change mitigation, energy security, technological progress, environmental protection, employment, growth, and rural value creation. Over the last decade, the bioeconomy has received increasing political attention, with many countries and international bodies (such as the OECD and EU) adopting strategies to express their support of the concept (e.g., [2, 6] ; for overviews, see [7] [8] [9] [10] [11] . The European Commission defines the bioeconomy as the knowledge-based "production of renewable biological resources and the conversion of these resources and waste
1.
Sustainability of the resource base (e.g., bioenergy: real GHG-savings), 2.
Sustainability of both production and consumption processes and products (in particular environmental compatibility), and 3.
Circular processes of material fluxes.
The development of bioenergy support policy, as part of a bioeconomy-oriented policy, has clearly shown the sustainability challenges that accompany the introduction of an additional, politically driven demand for biomass and land resources. Just as with the bioeconomy concept, bioenergy has been associated with high expectations regarding various policy aims-primarily greenhouse gas (GHG) mitigation, security of energy supply, and rural development (e.g., References [25, 26] ). However, conflicts within this triangle of aims and also with further societal aims soon became obvious, and sparked a broad societal and scientific debate about the sustainability risks involved (see References [27] [28] [29] for overviews).
While in the bioenergy context a controversial sustainability debate was hold, a debate on the bioeconomy as a whole is still pending. Up to now, the media attention for bioeconomy issues is very limited [30] . Furthermore, numerous, even new trade-offs due to the bio-based economy appear, that have to be tackled in the context of sustainability strategies. Moreover, new types of technologies with standard technology assessments are necessary. All in all, great lengths have to be gone to overcome uncertainties regarding the sustainability of the bioeconomy.
Consequently, the concept of bioeconomy is also subject to strong criticism because of the insufficient availability and potentially unsustainable use of biomass and land, which are the primary constraints for the further development of the bioeconomy sector [31] [32] [33] . The politically intended rise of the demand for bio-based products will further increase the pressure on limited biomass and land resources and intensifies the interactions with the food sector [34] [35] [36] [37] . Conflicts between different sustainability targets such as food security and energy supply, sustainable land use, and land use conflicts apart from biomass production such as nature protection and tourism may exacerbate and induce ecological, economic, social, and political consequences (for an overview see, e.g., References [21, 28, 29, 38] .
The multifaceted critique of an "industrial utilisation of nature" due to bio-based inputs in various production processes (cf. References [39] [40] [41] [42] ) is not surprising. Interestingly, an alleged sustainability project is subject to intense sustainability critique. Hence, what is the role of sustainability for the bioeconomy? For this purpose, many papers were published recently. Most of them criticise the technological focus while disregarding the environmental and socioeconomic effects and excluding society (cf. e.g., References [18, 19, [43] [44] [45] [46] [47] ).
In this paper, we conducted a qualitative literature study from an environmental economics perspective to grasp and discuss the most decisive ecological, economic, and social sustainability risks for the bioeconomy. We focus on the wood-based bioeconomy as an example to enhance clarity and comprehensibility and because it is seen as ecologically (e.g., less fertilizers and effort needed for biomass production) and socially advantageous (e.g., less competition to food production) over the crop-based bioeconomy. Moreover, we rely on our own specific research evidence on the wood-based bioeconomy, apart from this we assume general findings for the bioeconomy.
To begin with, we clarify our understanding of sustainability and present insights in how the bioeconomy is currently defined, framed and conceptualized in political strategies and scientific articles (Section 2). Based on this, the paper analyses critically the resulting sustainability challenges of the bioeconomy in Section 3, focusing on the wood-based bioeconomy as an example. This provides the knowledge base for the transition challenges towards a sustainable bioeconomy discussed in Section 4. As a result, the paper derives some key messages for policy makers, entrepreneurs, and interested society on the challenges and required steps to ensure a sustainable path transition (Section 5).
Defining, Framing and Conceptualizing the Bioeconomy
As a start, our understanding of sustainability is based on the most prominent three pillar model, where the three pillars represent the environment, economic and social dimensions and sustainable development is seen as achieved when all the pillars are considered equitably [48] . Despite several points of critique [49] and for reasons of straightforwardness and tangibility, we focus on the three pillar model in this paper and do not take the numerous suggested approaches and models for sustainability and sustainable development into further consideration (for an overview in the bioeconomy context, please see Reference [45] ).
In the 1980s, the term "bioeconomy" was used to describe a sustainable economy based on the energy of the sun, which fits in ecological boundaries without the permanent compulsion to grow (cf. [40, 50] ). In the 1990s, the bioeconomy was redefined as a "business sector that utilizes new biological knowledge for commercial and industrial purposes" ( [50] (p. 27), see also References [51, 52] ). Picking up that impulse, in combination with the parallel development of a Strategy on Biotechnology in 2002, this was the foundation for the "Knowledge-based Bioeconomy" (KBBE) in 2005 [53] . That is why the biotechnology plays a key role for the emergence of the bioeconomy and seems to be an inherent part of its past and further development. The European Commission (EC)'s DG Research organised a conference on the KBBE in 2005, which emphasised the role of life sciences and biotechnology in transforming natural and biological resource-based sectors [54] . In the conference report, the knowledge-based bio-economy was defined as "a sustainable economy based on renewable resources" [54] (p. 3), which would not only contribute to "finding more environmentally friendly production methods and pushing forward the frontiers of science" [52] (p. 1), but also to secure resource supply in times of diminishing oil supplies [54] (p. 3). Moreover, it was expected that Europe's competitiveness would increase with new bio-based goods and services [54] 
Meanwhile, several definitions of the term "bioeconomy" exist and a consistent understanding of the concept is still lacking. Comparing a set of national and international bioeconomy strategies (including those by the German Federal Ministry of Food and Agriculture [55] , the OECD [6] and the EU [2] ), De Besi and McCormick find a common focus on "fostering research and innovation, primarily in the field of biotechnology; promoting collaboration between industry, enterprises, and research institutions; prioritising the optimized use of biomass by implementation of the cascade principle and by utilising waste residue streams; and providing funding support for the development of bio-based activities" [7] (p. 10473). However, the bioeconomy can still be seen as a "chameleon of notions" [50] that adapts repeatedly to changing requirements [52] ; the meaning of the bioeconomy "still seems in a flux" [56] , maybe as a consequence of its role as a "master narrative" attracting rival visions [57] .
The OECD defines three elements relevant for a bioeconomy: "biotechnological knowledge, renewable biomass, and integration across applications" [6] (p. 22). At the same time OECD admits that "sustainable development depends on economic growth that maintains environmental sustainability [ . . . ] [what] requires decoupling economic growth from environmental degradation" [6] (p. 22), but keeping economic sustainability as the main goal.
In the EU-Cologne-Paper "En Route to the Knowledge-Based Bio-Economy", it is requested that life sciences knowledge should be used to create products that are sustainable, eco-efficient and competitive, showing an early focus on economic aspects such as innovation and competitiveness in the EU [58] . The later strategies and definitions on bioeconomy contain few aspects of sustainability, e.g., in their title "Innovating for Sustainable Growth", but keeping emphasis on economic growth [2] . Ramcilovic-Suominen and Pülzl conclude that the bioeconomy debate in the European Union is not balanced in terms of sustainability because the economic dimension prevails over environmental and social aspects of the bioeconomy [45] . As well, a comprehensive embedding of the bioeconomy concept into "sustainable development" and the goals relating thereto are missing.
Similarly, the German Bioeconomy Council mentions that sustainability has a role in the bioeconomy (the "structural change towards a sustainable bio-based economy") [58] ), but it is not fleshed out. Growth and employment remain the key priorities. In the definition of the German Federal Ministry of Food and Agriculture sustainability is not an inherent part of the bioeconomy, but it is acknowledged that the bioeconomy is oriented on natural material cycles and the bioeconomy strategy calls for sustainable resource use [55] .
The German "National Research Strategy BioEconomy 2030" emphasises the vision of a "natural cycle-oriented, sustainable bio-based economy" [13] (p. 3), whereas the German "National Policy Strategy on Bioeconomy" is explicitly linked to the Federal Government's Sustainability Strategy [55] (p. 8). Nonetheless, sustainability is not perceived as the focus of political endeavours-rather, the dominance of an industrial perspective is frequently criticised (e.g., References [22] [23] [24] 40, 45, 59] .
Inversely, the new Sustainability Strategy of the German Federal Government [60] links the bioeconomy to the Sustainable Development Goals (SDGs). Thus, the bioeconomy does not only contribute to a sustainable economic growth and full employment (SDG 8) as well as infrastructure development, industrialisation, and innovation (SDG 9), but also to sustainable production and consumption patterns (SDG 12) and to the protection, recreation, and sustainable management of terrestrial ecosystems (SDG 15) [61] . Frequent references to the German "National Policy Strategy on Bioeconomy" [55] and the German "National Research Strategy Bioeconomy 2030" [13] give the impression that sustainability and the path to a sustainable development are well defined and deep-seated in these strategies, but this is by far not the case. Instead the strategies give backlinks to each other, but do not define specific actions for a real transition towards sustainability. Furthermore, the content-related arrangement of the German Sustainability Strategy reflects the prioritisation of the three pillars of sustainability in the German bioeconomy strategies: the economic pillar seems to be far more important than ecological and social sustainability issues.
Moreover, the European Commission is aware of the crucial role of policies, especially for science, technology and innovation to foster sustainable development [62] . However, to make the bioeconomy a vehicle for sustainability transition requires more, in particular policies on the sustainability of resources and socioeconomic aspects (further specified later on).
Even though sustainability is mentioned in all of the prominent definitions and strategies for the bioeconomy by now, it is of minor importance or utilized as an empty or arbitrary phrase and not fleshed out. Ramcilovic-Suominen and Pülzl [45] find that the European bioeconomy policy has an "industrial perspective" that neglects especially the role of farmers and they criticize that, for example, the EUs "Innovating for Sustainable Growth: a Bioeconomy for Europe" [2] lost the focus on sustainable resource management and instead focuses on improving the productivity of biomass production. The latter understanding tends to be accompanied by an industrial policy-centred vision, which emphasises the bioeconomy's contribution to an innovative, competitive, and growing economy, but fails to comprehensively address concerns about the sustainability of developments. Moreover, in the EU, mandatory sustainability criteria mainly refer to land protection (e.g., usage restrictions due to nature conservation laws) and GHG-savings, but ignore socioeconomic aspects as part of a comprehensive sustainability approach, e.g., social issues would arise as, for example, in terms of land and respective land rights [46] or in the production process [63] .
In the international scientific and public debate, different categories and descriptions of the bioeconomy can be pigeonholed in two general alternative interpretations of the bioeconomy: A normative vision, where the bioeconomy is part of a broader path transition from a fossil-based "throughput economy" towards a sustainable circular flow economy based on renewable resources; and a positive understanding of the bioeconomy as an umbrella term for bio-based sectors of the economy, i.e., production of bio-based materials, in particular agriculture and forestry, as well as processing of bio-based raw materials, e.g., food industry, wood-processing industry, textile, chemical, and pharmaceutical industry or parts of energy industry or environmental industry [13] , mainly characterized by a resource substitution and a biotechnology innovation perspective [52] .
Bugge et al. [44] distinguish between a (i) bio-technology vision (focus on research, application and commercialisation of bio-technology), (ii) bio-resource vision (focus on processing and upgrading of biological raw materials and establishment of new value chains) and (iii) bio-ecology vision (focus on sustainability and ecological processes for environmental improvements). While the bio-ecology vision mainly reflects the normative vision of the bioeconomy, the bio-resource and bio-technology visions represent the positive vision and differentiate between production and processing of raw materials.
Birch [64] differentiates between four definitions of the bioeconomy: (i) Product definition (bio-based products), (ii) substitution definition (substitution of fossil resources for bio-based ones), (iii) renewable-sustainable definition (critical debate whether renewable = sustainable) and (iv) societal transition definition. The product definition fits into the positive understanding of the bioeconomy, while the substitution definition, the renewable-sustainable definition, and the societal transition definition lean towards the normative understanding of the bioeconomy, representing different aspects of this vision.
Ramcilovik-Suominen and Pülzl [45] distinguish four different narratives in the EU bioeconomy framework: (1) Primary production narrative, (2) efficiency narrative, (3) competitiveness narrative, and (4) sectoral capacity narrative. Here, all the four narratives comply with the positive understanding of the bioeconomy, while the normative vision of the bioeconomy as part of a broader path transition towards sustainability receives no consideration.
For a holistic understanding and to avoid negligence of potentials for the bioeconomy, all objectives, interests and challenges of the different perspectives on the bioeconomy should be considered [65] . Apart from different interpretations and visions of the bioeconomy, specific concerns regarding bioeconomy strategies (e.g., German bioeconomy policy and research strategies and those of the German federal states) point to several problems, such as (i) an insufficient consideration of conflicts between environmental and economic policy aims; (ii) open questions on how to effectively safeguard environmental boundaries and global food security; (iii) a lack of a broader transformation perspective; and (iv) insufficient participation of civil society in strategy development and bioeconomy governance [18, 22, 43] .
Regarding the criticism on the bioeconomy concept, two major types can be distinguished: The "fundamental critique" and the "greenwashing critique" [52] . Meanwhile, there are also extreme forms of fundamental critique, warning that the bioeconomy pursues "the unlimited commercial use of all life" [39] (p. 7), own translation) for the "neoliberalization of nature" [41] , which secures a "regime of accumulation against major sociopolitical and ecological challenges" [42] .
As the first consequence, the bioeconomy concept has been embedded more explicitly to sustainable development and its focus was shifted from the supply side (technology innovation) to the demand side (consumer and society) in recent years [52] . According to Grefe [50] , a significant change has emerged: While in the beginning, the focus of bioeconomy strategies was mainly on the use of biological knowledge due to the application of biotechnology, sustainability, the support of regions and a role of the bioeconomy as the green part of a circular economy have been brought to the fore. Some authors state promising potentials for the bioeconomy to make a significant contribution to the SDG's [5, 66] and consider the bioeconomy as a valid and reliable way to the transition to equitable, sustainable, post fossil-carbon societies [67, 68] . As the SDG's cover nature, economy and society as the three pillars of sustainability, the question remains, how and in what way the bioeconomy can support synergies of diverse sustainability goals from different pillars and thus, help to contribute to as many SDGs as possible. Previous research outlined 11 out of 17 SDGs to be potentially highly relevant to a developing global bioeconomy [66, 69] , but as the SDGs represent complex and interlinked socioeconomic relationships of sustainability as a holistic subject, they cannot be put into a hierarchical order [70] . To meet challenges due to normative conflicts resulting from the complexity of the bioeconomy, stakeholder participation is the most appropriate means to identify societal interests and perceptions and to identify key objectives, for instance, the goals "Zero Hunger" (SDG 2), "Responsible Consumption and Production" (SDG 12), "Life on Land" (SDG 15), "Life below Water" (SDG 14) and "Clean Water and Sanitation" (SDG 6) have been categorised as the most important ones for monitoring the bioeconomy by stakeholders from science, business, and society in Germany [70] .
So far, although the bioeconomy concept has been linked to sustainable development and shifted from a technology-to a more society-centred focus as a response to the criticism in recent years, the doubts remain, if sustainability aspects are addressed satisfactorily in political strategies and policymaking for a transition towards a sustainable bioeconomy development. In the first place, sustainability conflicts (Section 3) and transition challenges (Section 4) need to be carefully thought out.
Sustainability Conflicts of the Wood-Based Bioeconomy
Some definitions suggest that the bioeconomy is not per se sustainable just because it is based on renewable resources and it is not per se able to solve sustainability problems; sometimes it even brings about new challenges [21, 71] , such as "peak soil" and "peak water" [19] . Potentially, not only the cultivation of biomass but also uncertain effects of technologies such as costs, quality, life cycle balances, and impacts of bio-based processes can give rise to sustainability risks. Therefore, in this section we will first outline the implications of our understanding of sustainability for the bioeconomy in general and its, as seen in Section 2, historically rooted inherent elements bioenergy and biotechnology. In this context, we will discuss the role of innovations in the bioeconomy and take the wood-based bioeconomy as an example. In the end of this section, we argue the most decisive sustainability advantages and subsequently juxtapose the sustainability risks of the bioeconomy to set up a starting point for the discussion of transition challenges and the role of governments in the following Section 4.
Hitherto, the strategies analysed in Section 2 highlight that the bioeconomy needs to contribute to a more sustainable use of natural resources (e.g., References [2, 6, 55, 61] ), but detailed ideas about ecological and social sustainability aspects are missing in all the above mentioned documents, let alone a systemic view on complex socio-ecological systems [18] . Neither a connection to self-imposed goals of the global community, e.g., the Convention on International Trade in Endangered Species of Wild Fauna and Flora or climate protection goals, are evident, nor the perspective of a profound transformation that goes beyond maintaining the status quo. A sustainable bioeconomy necessitates the strengthening of the social and ecological view that is so far not sufficiently addressed in the strategies. A sustainable bioeconomy is only feasible if, and only if, all three pillars of sustainability are taken into account from the very beginning and if synergies between these pillars can be achieved. In doing so, usually none of these three pillars is maximized, but instead the optimal combination of these pillars is prospected and implemented.
The main constraints for the further development of the bioeconomy sector are impending scarcities of sustainably grown feedstocks for bio-based products due to the insufficient availability and inefficient use of biomass and arable land [31, 33] . This may cause rising prices for biomass and land on the one hand and consumer concerns about the sustainability of resource inputs for the bioeconomy on the other hand. This may challenge ecological viability, economic feasibility and social acceptance at the same time. Into the bargain, the planned rise of the demand for bio-based products will further increase the pressure on limited biomass and land resources. That intensifies the interactions with the food sector and therefore conflicts between different sustainability targets such as security of food and energy supply, sustainable land use, and land use conflicts apart from biomass production such as nature protection and tourism are likely to increase.
As already seen in the context of bioenergy, an increased demand for biomass and land caused several sustainability conflicts. Special attention has been called to the direct and indirect land use change effects of an increased biomass demand, which negatively impact the GHG and wider environmental balances of crop-based bioenergy pathways in particular (because of incentives for agricultural intensification and expansion of agricultural areas). Social sustainability concerns were expressed e.g., in the food vs. fuel debate and discussions about land grabbing for biomass production. But also the economic sustainability of bioenergy pathways was called into question, particularly with regard to the persistently high GHG mitigation costs of biofuels (e.g., References [72, 73] ). This critique eventually led to adjustments of policies, such as the introduction of a cap on the contribution of food crop-based biofuels to the Renewable Energy Directive's 2020 target for the share of RES in the transport sector [74] . Despite improvements, future bioenergy policies should support a more efficient, demand-oriented bioenergy, which is integrated step-by-step in a comprehensive renewable energy system (cf. Reference [75] ). Moreover, there is ongoing uncertainty about the future development of bioenergy policies.
With an industrial policy-centred vision of the bioeconomy, it is all too easy to imagine a repetition of the problems of the bioenergy policy, albeit potentially on a larger scale given the number of economic sectors involved. This emphasises the importance of establishing sustainability at the core of bioeconomy policy development, including credible strategies for addressing conflicts between aims and implementing effective sustainability safeguards. Thus far, the potential negative impacts of the biomass use on a massive scale shall be reduced by means of novel technologies.
For instance, the German Bioeconomy Council still promotes biotechnology as a magic bullet for solving all sustainability problems regarding scarce biomass resources (see e.g., Reference [76] .) Albeit, there is a step forward in bioeconomy strategies to contribute to the SDGs and the Paris Agreement [70] , for instance, ecological boundaries of a bioeconomy are proposed to be respected, circular economy approaches are taken into account [77] and a resource, nature and climate friendly and an ethically acceptable production ought to be the valuation standard for the bioeconomy [15] . However, bioeconomy policies in Germany, the EU and the OECD-countries still focus on the time-honoured understanding of the "knowledge-based bioeconomy" which is predominantly characterized by the substitution of resource inputs and high tech innovations, mainly in the form of biotechnology (e.g., References [2, 15] ).
Indeed, this is a short-term view, as this may create new sustainability conflicts (for an overview see, e.g., Reference [78] ): The "sustainability joker" biotechnology as a high-tech sector may raise huge sustainability risks, especially when upscaling biotechnological processes to an industrial scale as these may absorb any natural resources indifferentiatedly, just like a vacuum cleaner (cf. References [22, 32, 39, 40] ). As large-scale biorefineries have a relatively constant and high biomass demand, spatial and temporal high and variable biomass streams can proof problematic and quite likely demand large-scale exports and imports, which may be challenging for social acceptance. Furthermore, uncertainties regarding enticing innovative biotechnological solutions as alleged only means are commonly neglected [42] .
In this spirit, the series of positive expectations regarding the bioeconomy, such as a contribution to climate and resource protection, should be realized by means of economic growth and innovation [15, 77] . Certainly, this is a first contradiction in itself concerning economic vs. ecological sustainability, if decoupling of economic growth from environmental degradation won't be pursued. In this sense, innovations are both, part of the problem, but also part of the solution to the sustainability problem [79] . Concepts for responsible or social innovations can provide future-oriented remedies (see Section 4). Even if we leave the "sustainability or collapse" narrative [80] behind, environmental changes resulting from human activities will, sooner or later, require transformation and/or reorganisation of economic habits and lifestyles (cf. [81] ).
Current endeavours in bioeconomy still boil down to innovative products, whether in terms of production processes or in product characteristics and performance, at best both in combination. But successful innovations are only feasible, if improvements are noticeable or an existing gap is filled [82] . In fact, bio-based products are often substitutes of existing products, keeping the properties, but only differing in the resource base. Regarding such Drop-In products, the only noticeable improvement for the consumer is a step towards sustainable production, realized in this case by the substitution of the resource base from fossil-to bio-based. However, as the bioeconomy is in the ungrateful role as a straggler of bioenergy, it has got the problem that sustainability, in particular a sustainable renewable resource base, is doubted in public perception [17] so that it is hard to gain credibility and acceptance for a sustainability improvement by means of the bioeconomy. Since the Prefix "Bio" has lost its innocence (cf. [50, 83] ), the environmental benefits of bio-based products are even more critical attributes of trust in need of explanations [84, 85] . Even in the public debate on bioeconomy the substitution of the resource base is the main issue [86] . Mainly for this reason, there is a controversial discussion on the bioeconomy, as for example a media analyses from Finland [43] revealed. In a nutshell, as features of bio-based products are similar to fossil-based ones [87] , but are offered for higher prices [88, 89] and may cause sustainability concerns (cf. Reference [21] ), consumer acceptance of bio-based products struggles with several challenges (for an overview see Reference [90] ), but after all, sustainability is the key for purchasing decisions in favour of the bioeconomy.
Moreover, a sustainable development of the bioeconomy requires innovative technical and, above all, political solutions for stimulating a change of consumption patterns and the use of waste and recycling material, taking into account possible rebound effects [91, 92] . The discourse about a sustainable bioeconomy needs to be linked with expanding the circular flow economy, to reduce pressures on ecosystems that provide primary biomass resources [93] . However, to improve resource efficiency and close material cycles, novel technological, organisational and product solutions are required [19, 61, 88, 94] , e.g., integrated lignocellulosic biorefinery concepts. But also material-focused climate policies which reward the use of less resource-and energy-intensive materials such as wood-based materials are one possibility to achieve climate protection goals, for instance by supporting a wood-based bioeconomy [95] , e.g., by fostering wood-based buildings.
In the course of urbanisation, "business as usual" infrastructure development in cities and urban districts challenges climate protection goals and sustainable development goals (SDGs). As cement, steel and aluminium require huge amounts of energy and resources to be produced and transported, and cause sizable GHG-emissions, climate-friendly construction materials are needed [96] . If infrastructure development in emerging economies and developing countries would be based on cement, steel, and aluminium as it was and is in industrialized countries, then this could cause an estimated 350 Gt of CO 2 -emissions until 2050 [97] . This amount of GHG-emissions is equivalent to roughly one third of the whole available CO 2 -budget if climate change is to be limited to less than 2 • C, and it is equivalent to more than three quarters of the available CO 2 -budget if climate change is to be limited to 1.5 • C [96] . Instead, wood and wood-based materials can serve as examples for climate-compatible construction materials demanding less energy and resources for production and transport, emitting less GHG and serving as carbon sinks [55, 98, 99] . Due to these advantages, wood buildings are constituted as no-regret-option for climate protection [100, 101] .
While the share of wood as a building material in new single family houses and non-residential constructions is already high (46.9% and 51.2%, respectively) (cf. Reference [102] ), the use of wood in multi-storey residential buildings is also increasing. In Berlin, the first seven-storey wooden construction building in a European metropolitan central district was completed in 2008 [103] and the Stadthaus at Murray Grove in London as a 9-storey apartment block was completed in 2009 [104] . Among others, a 24-storey wooden tower will be built in Vienna and a 34-storey skyscraper is planned to be built in Stockholm [105] . Additionally, for renovation and heightening of existing buildings in cities wood use opens up new opportunities for the creation of urgently needed housing space in cities [101, 105] .
The "wood economy" has a long tradition, whereas the fossil age just began. While the conventional use of wood is experiencing a renaissance, a wide range of innovative applications, i.e. novel and progressive solutions mainly due to new products or processes, especially materials made of e.g., cellulose, hemicellulose and lignin, are emerging [106] . Selected examples, among others, for innovative or reinvented products and applications are cross-laminated timber products in wooden multi story buildings [107, 108] , shaped wood in cars [109, 110] , admixture in concrete [111, 112] , biocomposites such as wood-plastic composites (WPC) or natural fibre reinforced composites [113, 114] or Nanocellulose (NC) [115] . In the future, lignin could also be employed to produce for example fine chemicals, bioplastics [106] or glues [116, 117] . Furthermore, the wood-based bioenergy plays an important role in subsistence economies, but also for the transition to renewable-based energy systems in the developed world (cf. [118] ). Especially in private forests and rural areas wood is the basis for self-provision of energy and survived during the fossil age in the developed world. Generally, the wood-based bioeconomy as part of the overall bioeconomy can contribute to a more sustainable economy, if sustainability issues are addressed and sustainability-oriented innovations are stimulated. However, while conventional material and also energy wood uses are comparatively well established, consumer demand for innovative material wood-based products remains low.
The wood-based bioeconomy was focussed when the crop-based bioeconomy concept triggered a food versus fuel discussion, as this was thought to have no competing uses with basic needs. The analysis of bioeconomy strategies around the world shows that especially forest rich countries such as Canada, the USA and Finland mention wood as a basic resource for the bioeconomy [9, 10, 119] , but also in the German bioeconomy strategies, wood is regarded as the key feedstock next to agricultural biomass [13, 55] . Wood production is generally seen as sustainable because less fertilizers and effort are needed for production than is the case with agricultural biomass, and it is possible to grow wood on poor soils that are not suitable for agriculture. In Germany, the guiding principle of wood management is the intergenerational and multifunctional management of wood resources supported by the nature protection and forest law [120, 121] . However, does wood serve as an example for a sustainable bioeconomy, which helps to counter some of the above mentioned sustainability issues?
If the sustainable production of wood can be guaranteed, several sustainability-related advantages from its use can be expected: Because of fossil resource limits, negative environmental impacts of fossil resource extraction and transportation (cf. e.g., References [122, 123] ) and negative GHG-balances of fossil resource use, it is hypothesised that in most cases wood-based products are more sustainable in the long term. Wood-based products act as temporary carbon sinks due to the assimilation and storage of carbon in wood and therefore often show better GHG-balances than fossil resource substitutes [55, 98] .
Besides sustainability advantages of wood-based products in feedstock production, wood processing can be improved by enhancing resource productivity due to innovative technologies such as lignocellulosic biorefineries using organosolv pulping [98] . Moreover, transport efficiency can be increased and CO 2 -emissions of transportation can be reduced [99] by weight reduction of wood-based products or products with an admixture of wood compared to conventional products, e.g., concrete [111] .
Despite an improvement in ecological performance of wood-based products over fossil-based ones in most cases, wood-based products do not automatically provide maximal sustainability. Rather, wood-based products represent a step towards more sustainable production and consumption. Even if the use of wood can enhance long-term economic sustainability, there are also sustainability risks when fossil resource inputs are substituted for wood without considering sustainability issues. These arise from several conflicts between competing claims on limited resources, such as land use conflicts, allocation conflicts, processing route conflicts or product conflicts (cf. [71] ). Hence, an enabling function in governing the bioeconomy should always be completed by a limiting function (see Section 4 Transition challenges), which mainly has to focus on safeguarding the sustainability of the bioeconomy resource base, which means to support the use of wood at an adequate level. Supporting the use of wood at any cost would risk an overexploitation of natural wood resources and is in conflict with "natural" forest structures and thus with (i) nature protection aims, for instance biodiversity, (ii) climate protection aims, such as carbon assimilation and sequestration, (iii) ecosystem services, such as water and air purification, and (iv) other land uses, e.g., for tourism, recreation and leisure [32, 71, 124, 125] . For the achievement of a maximal contribution to climate protection it may not be the solution to focus only the protection of domestic forests and land. Indeed, largescale wood imports would thwart the endeavours of GHG savings of wood use due to long and energy intensive transports [126] . Furthermore, as with other environmental schemes, in terms of the limiting function leakage effects have to be considered: besides the relocation of emissions and environmental risks of resource abstraction and production in countries with lower environmental standards, such as biodiversity loss due to land use changes or carbon leakage, (see e.g., References [127, 128] ), also economic "co-benefits" of the bioeconomy, such as employment, rural value creation, economic growth or impulses for technological progress could be forfeited [129] . All this calls for state incentives with a sense of proportion (see Section 4).
Our intermediate conclusion on sustainability is that it has to be the key concept behind the growing bioeconomy. Otherwise, the bioeconomy would only entail the substitution of fossil resources for bio-based resources without generating additional societal and ecological values and without contributing to climate mitigation and a long-term structural change. In the following section, we will outline how the bioeconomy can contribute to a transition towards sustainability.
Transition Challenges: The Role of Government
In the previous sections we fleshed out the most decisive sustainability conflicts of the bioeconomy that have to be considered when pursuing the bioeconomy as a vehicle towards sustainable development. This provides the knowledge base for the discussion of transition challenges and the role of governments for the bioeconomy in this section. We first outline the functions of bioeconomy governance and the pillars of bioeconomy transition. Further on, we demonstrate the need for state governance to adjust impeding market failures. We close this section stating challenges and recommendations for policy making.
The transition to bioeconomy has to be a transition to sustainability. For a successful outcome, state incentives are necessary, above all, to avoid a replication of mistakes from bioenergy. Therefore, the state has to take into account both, the enabling and limiting function of governance. But this is not easy as there are a lot of uncertainties relating to sustainability, such as safeguarding the resource base for the bioeconomy vs. biodiversity or the GHG-balance of products. This is not trivial because so far, the state focused on the enabling function as the substitution of resource inputs from fossil to renewable resources in the course of the bioeconomy is seen as a contribution to sustainability itself.
Despite that, the bioeconomy transition may be characterised as a path transition towards greater sustainability and allocative efficiency, and is expected to provide "co-benefits" to many societal aims (see Figure 1) . Without question, the path transition towards a sustainable bioeconomy is a complex process that has to overcome the perpetuated lock-in into fossil resource-based production and consumption structures ("carbon lock-in", see Reference [130] ). The state has the crucial role to design transition policies that enable the bioeconomy to expand by securing a level playing field for bio-based processes and products in relation to fossil resource-based ones (enabling function, cf. e.g., References [119, 131] ). But besides supporting the transition, policies must also ensure that sustainability is safeguarded all along the value chain of bio-based production processes (limiting function, cf. e.g., Reference [132] ).
To reach the outlined political and societal aims, transition policies need to take account of three pillars of bioeconomy transition which are (1) substitution of fossil resources, (2) innovation in production processes and products, and (3) safeguarding sustainability within the bio-based value chain (see Figure 1 ). However, with these demands on the transformation of the economy, controversies and risk debates arise. Manifold controversies emphasise the fragile character of societal benefits assigned to a bioeconomy transition. An example is the controversy regarding economies of scale of production processes versus sufficient sustainable resource availability. Markets alone will not suffice to fulfil the enabling and limiting functions of bioeconomy governance because of a number of interacting market failures regarding extraction, processing and use of fossil resources [71, 133, 134] . Examples are GHG emissions, land degradation through mining, air pollution or waste generation which give rise to negative externalities, which, in the absence of policy measures, are insufficiently reflected in market prices [135, 136] . Environmental externalities do not only distort competition between fossil resource-based and bio-based processes and products, but also between different bioeconomy production pathways, e.g., with regard to GHG balances, and impacts on biodiversity, water, and soil quality [137] .
Moreover, investments in innovation and the deployment of innovative technologies give rise to knowledge and learning spillovers, which constitute a positive externality [138, 139] . Investors are not able to appropriate the whole benefits of investments, which leads to an underinvestment in innovation and learning from a social perspective [140] . However, fossil resource-based technologies can benefit from past learning effects, increasing returns and network externalities; these interact with the specialised nature of investments to create a technological path dependency [141] .
As the transition towards a sustainable bioeconomy requires innovation in technologies, processes and products [61, 88, 142] , especially immature renewable resource-based technologies have to progress down the learning curve to be competitive with fossil resource-based options in the long term (given fair competitive framework conditions). Additionally, innovations which decrease the impacts of renewable resource use on ecosystems are of high importance.
Nevertheless, a sustainable long-term oriented bioeconomy policy requires more: the challenge is to integrate bio-based substitutes into existing markets, where equivalent fossil-based products are well established [143] . In the view of the ubiquitous uncertainties related to bioeconomy pathways [144] the premature implementation of numerous new instruments to give a strong push to the bioeconomy does not appear promising. Rather, it is recommendable to combine a gradual strengthening of policies which increase the costs of fossil fuel use with targeted, sustainabilityoriented support of innovative niche applications (e.g., green public procurement, labels). The governance of the bioeconomy as a "learning system" should gradually, but reliably set impulses for a sustainable transition path [145] .
Additionally, policies need to address the limiting function and safeguard the sustainability of renewable resource use. It is especially important to examine to what extent existing policies on Markets alone will not suffice to fulfil the enabling and limiting functions of bioeconomy governance because of a number of interacting market failures regarding extraction, processing and use of fossil resources [71, 133, 134] . Examples are GHG emissions, land degradation through mining, air pollution or waste generation which give rise to negative externalities, which, in the absence of policy measures, are insufficiently reflected in market prices [135, 136] . Environmental externalities do not only distort competition between fossil resource-based and bio-based processes and products, but also between different bioeconomy production pathways, e.g., with regard to GHG balances, and impacts on biodiversity, water, and soil quality [137] .
Nevertheless, a sustainable long-term oriented bioeconomy policy requires more: the challenge is to integrate bio-based substitutes into existing markets, where equivalent fossil-based products are well established [143] . In the view of the ubiquitous uncertainties related to bioeconomy pathways [144] the premature implementation of numerous new instruments to give a strong push to the bioeconomy does not appear promising. Rather, it is recommendable to combine a gradual strengthening of policies which increase the costs of fossil fuel use with targeted, sustainability-oriented support of innovative niche applications (e.g., green public procurement, labels). The governance of the bioeconomy as a "learning system" should gradually, but reliably set impulses for a sustainable transition path [145] .
Additionally, policies need to address the limiting function and safeguard the sustainability of renewable resource use. It is especially important to examine to what extent existing policies on forestry, agriculture, the environment and trade need to be adapted in order to ensure sustainability. Moreover, waste policy needs to be adapted in order to set incentives for sustainable circular economy concepts [131] . A credible and consistent policy framework is necessary to address environmental externalities, support knowledge generation and learning, and overcome path dependencies [133] .
A first step to address the enabling function of transition policy is to design a level playing field for biomass resources due to moderate "supply push" policies which seek to enhance the supply and reduce costs of bio-based raw materials and technologies, e.g., by providing funding for R&D. This needs to be combined with "demand pull" policies which support the use of bio-based products and processes on the one hand and incentivise reductions in fossil resource use on the other hand (cf. [146, 147] , e.g., by cutting back direct and indirect subsidies for fossil-based pathways. But this is challenging because who would be interested in supporting a higher degree of internalisation of the external costs of fossil resource use that might lead to rising prices and a loss of purchasing power on the side of producers and consumers both? It is telling that renewable energy policy is mainly addressed through positive incentives for renewable energy use (e.g., feed-in tariffs, quotas with green certificate trading), rather than an increase in fossil fuel costs (given chronically low carbon allowances prices in the ailing European Emissions Trading System). The costs of positive incentives can be distributed across large and weakly organised social groups, making deployment support instruments politically more appealing than internalisation instruments such as emission taxes or emission trading schemes.
However, for the bioeconomy this constitutes less of a promising approach than for renewable energy technologies, given the much larger heterogeneity of actors, their levers and possible pathways and uncertainties about sustainability and costs of individual technologies, causing a lack of a broad interest coalition which could express a demand for such policies. Therefore, the state does not pursue adequate policies as this may cause high political costs [71] . Furthermore, the high degrees of uncertainty and complexity make demand-pull policy design for the bioeconomy particularly challenging [145] . Here, lessons from bioenergy policy can be learned: For example, the creation of a large-scale demand for biofuels through EU targets and national deployment support resulted in diverse environmental and social sustainability problems, while GHG mitigation costs remained comparatively high (see e.g., Reference [28] ). This led to abrupt policy changes (e.g., the introduction of a limit on the contribution of food crop-based biofuels to EU targets) which decrease planning security for investors.
Therefore, when looking for answers as to where in bioeconomy value chains sustainability safeguarding functions of transition policies should intervene, lessons from bioenergy policy should be consulted. For example, sustainability requirements that are tied to specific end uses, such as sustainability standards for biofuels, can mitigate some sustainability risks (e.g., direct land use changes), but face severe limitations when it comes to addressing displacement and leakage effects which manifest as indirect land use changes (e.g., References [148, 149] ). With a growing demand for a large range of biomass-based applications, the importance of comprehensive, end use-independent requirements for sustainable land use increases. This requires adjustments in environmental framework conditions at national, EU and international levels (e.g., Reference [29] ). Nonetheless, despite shortcomings, sustainability certification and safeguards in instruments which support the bioeconomy remain important measures, as long as more comprehensive reforms remain infeasible. Despite the fact that there are other levels of governance and other initiatives that may shape the bioeconomy, Fritsche and Iriarte [46] suggest to acknowledge and extend the binding sustainability requirements specifically targeted to biomass for bioenergy in developing a sustainable bioeconomy in order to avoid reinventing the wheel. For this, several indicators from bioenergy research, especially for the assessment of sustainable biomass production and use, can be derived, but as the bioeconomy covers more sectors and processes, additional indicators have to be identified (cf. e.g., Reference [150] ).
As a basic principle, a sustainable bioeconomy in the long term has to be economically self-sustaining through the provision of marketable products that are independent from long-term subsidies. Besides environmentally friendly feedstocks, technologies, processes and products as well as consumption and waste generation behaviour changes, the transition towards the bioeconomy has to follow a socially acceptable path, which means that affordability and access to products, a fair global distribution of resources and participation need to be addressed.
As bioeconomy innovations are fundamentally associated with uncertainty, the concept of responsible innovation addresses the aspects acceptability, sustainability and societal desirability in a transparent and interactive manner, whereas the outcome quality depends on the mutual understanding and level of knowledge of the actors [79] . In this light, responsible political decision making requires acknowledgement of all relevant actors. Policies should create opportunities for the society to become engaged [47, 68, 151] as region-specific bottom-up approaches and social innovation matter in developing a sustainable bioeconomy [79, 132] . Despite high variations between different regions in the EU, bio-based sectors contribute to economic development especially in regions affected by structural changes accelerated by the financial crisis [152] .
At the moment, society is not taken on board (cf. [50, 153] ). Instead, there is a low public awareness of the bioeconomy and a need for inclusion of society in discussing the future pathways of the bioeconomy [151, 154] . For a credible and reliable transition policy, societal acceptance and a broad coalition of interests which support associated policy changes is of crucial importance [71, 79, 144] . For this, positive framings highlighting the benefits of institutional and behavioural changes for human well-being are psychologically more effective than collapse warnings, which induce rather apathy instead of action towards sustainable development [81] . Supportively, implications from bioeconomy policies on businesses and the whole society need to be assessed.
A good example is the increasing demand for wood buildings. It shows a growing awareness of current environmental problems and the willingness to counteract, but several existing barriers need to be removed to reach more people to ensure further progress [101, 155] . This illustrates the need for a minimum level of demand for sustainability policies for an adequate supply of such policies or rather the interplay of supply and demand for policies, what also holds true for other applications in the bioeconomy sector (cf. [71] for bioeconomy policies). This does not only mean political adjustments in single application fields, such as bio-based chemicals or plastics or textiles, but a coherent approach based on sustainability principles that ensures economic returns, avoid environmental problems and meet socioeconomic expectations [156] . Indeed, it requires coordination and coherence between different application fields in the bioeconomy sector to secure the sustainability of the resource base and to enable learning and spillover effects between the various application fields of the bioeconomy (cf. [65] ). In this light, incentives for the formation and development of industrial symbiosis in the bioeconomy network can support the integration of different processes and material streams and thus, save costs and mitigate environmental impacts of the production system [157] .
Furthermore, sufficiency policy is needed to complement the efficiency policy measures to avoid rebound effects [91, 158, 159] . Only in this manner a long-term sustainable bioeconomy can be realized which is likewise able to release ambivalences and uncertainties regarding bio-based products (cf. [160, 161] ) and to create credibility and acceptance for the bioeconomy. This would enable an increase of the necessary critical mass of consumers and producers that is needed for competitiveness and a long-term self-sustaining path transition towards a sustainable bioeconomy (cf. [71] ). Ultimately, the key to economic sustainability lies in ecological and social responsibility and sustainability (cf. [119] ).
Key Messages and Recommendations: No Bioeconomy without Sustainability!
We conclude that transitioning to a sustainable bioeconomy entails much more than only substituting fossil inputs by renewable resources, as presented in Section 4. As previously outlined in Section 3, the bioeconomy is also not per se the answer to the sustainability challenges; rather new risks may emerge. Therefore, new and specific guard rails for sustainability are needed:
(1) The sustainability conflicts of the bioeconomy outlined in Section 3 illustrate that the bioeconomy can be a contribution to sustainable development and the SDGs, if specific guardrails are observed. Regarding to the transition challenges towards a sustainable bioeconomy demonstrated in Section 4, state governance is necessary to reduce competitive drawbacks (enabling perspective) and, above all, to safeguard sustainability in all dimensions (limiting perspective). Mere input substitution may entail welfare losses. However, as a response to the criticism in recent years, the bioeconomy concept has been linked to sustainable development and shifted from a technology-to a more society-centred focus, the doubts remain, if sustainability aspects are addressed satisfactorily in political strategies and policymaking for a transition towards a sustainable bioeconomy development.
(2a) It is not merely about "the bioeconomy"; but "the sustainable bioeconomy": Unconditionally, sustainability has to be an inherent part of the bioeconomy definition. Based on the overview of bioeconomy definitions, framings and conceptualisations in Section 2 and to strengthen the earliest possible awareness of potential sustainability risks outlined in Section 3, we suggest a definition for the bioeconomy such as "bio-and technology-based circular economy, which is sustainable in resource production and conversion, consumption as well as waste management". Referring to our intermediate conclusion from Section 3, sustainability has to be the key concept behind the bioeconomy because otherwise, only fossil resources would be substituted for bio-based ones without generating additional societal and ecological values and without contributing to climate mitigation and a long-term structural change.
(2b) Therefore, an "industrial policy-centered vision" and a "normative vision" have to be distinguished. As presented in Section 2, the positive understanding of the bioeconomy as an umbrella term for bio-based sectors of the economy in an industrial policy-centered vision currently dominates the political strategies and scientific and public debates. Too little attention is paid to the normative vision where the bioeconomy is part of a broader path transition from a fossil-based "throughput economy" towards a sustainable circular flow economy based on renewable resources.
(3) The substitution of fossil resources alone does not guarantee sustainability as already shown in the lessons learnt from bioenergy in Section 3. Indeed, it requires
1.
Sustainability of the resource base (e.g., bioenergy: real GHG-savings) 2.
Sustainability (in particular environmental compatibility) of processes and products, especially by 3. circular processes.
The rise of the demand for bio-based products will further increase the pressure on limited biomass and land resources and thus, will cause several sustainability conflicts, as already seen in the context of bioenergy. As the prefix "Bio" has lost its innocence, demand growth for bio-based products will only be attainable, if sustainability as the key in bioeconomy supply chains is noticeable for consumers. Thus far, potential negative impacts of biomass use on a massive scale shall be reduced by means of novel technologies, but to expect innovative technologies to be a magic bullet solving all problems is a disastrous misbelief. Instead, innovations are both, part of the problem, but also part of the solution to the sustainability problems.
Sustainability conflicts and transition challenges towards a sustainable bioeconomy need to be discussed and carefully thought out. A sustainable bioeconomy is only feasible if, and only if, all three pillars of sustainability are taken into account from the very beginning and if synergies between these pillars can be achieved. In doing so, usually none of these three pillars is maximized, but instead the optimal combination of these pillars is prospected and implemented. Ultimately, the key to economic sustainability lies in ecological and social responsibility and sustainability.
(4) Numerous, even new challenges and trade-offs resulting from a bio-based economy have to be solved within the scope of sustainability. Moreover, new types of technologies with standard technology assessments are necessary and massive, multi-dimensional insecurities have to be overcome. While niche applications are still simple, the upscaling of resource streams is the most challenging task as spatial and temporal high and variable biomass streams can proof problematic, as outlined in Section 3. For this, a search and correction process has to be organised. Usually, markets perform these tasks in a sufficient manner, but as demonstrated in Section 4, various market failures in the bioeconomy distort fair comparisons of alternatives, the state has to create a selection environment to guide these search processes as long as a fair basic conditions exist. In the long-term, the path transition has to be self-enforcing by generating competitive products and processes, and also by fostering a change of consumption patterns.
(5) Due to a great number of uncertainties (e.g., regarding sustainability) the transition towards a bioeconomy requires a gradual, adaptive governance approach that allows for policy learning as presented in Section 4. At the same time, a credible commitment to an overall path transition is required to generate the planning security necessary to initiate the inevitable investments and behavioural changes.
Bioeconomic policy has a twofold role: On the one hand, it has the potential to create a level playing field for bio-based processes and products (enabling function). This requires addressing relevant market failures such as climate and other environmental externalities that distort competition between fossil and bio-based alternatives. In addition, it is important to overcome path dependencies in favour of the existing fossil resource-based "flow economy". On the other hand, bioeconomy policy must also fulfil a restriction function and ensure the sustainability of increased use of biomass (limiting function).
This calls for "bioeconomy policy", as a genuine field of policy, and "bioeconomy law", as a discrete field of law, in order to be able to send non-conflicting signals from the state sector. This could enable various actions in the individual application fields of the bioeconomy, but also coordination and reconciliation between the application fields, which is necessary to avoid sustainability risks and to enable learning effects and spillovers. For this, we recommend to gradually develop and extend a combination of existing instruments, including internalisation instruments, focused support of niches and R&D support. For instance, material-focused climate policies which reward the use of less resource-and energy-intensive materials such as wood-based materials are one possibility to achieve climate protection goals, for instance by supporting a wood-based bioeconomy. Furthermore, to support a well-functioning bioeconomy innovation system, a specific policy setting including a mix of "technology push"-and direct and indirect "demand pull"-measures, standardisation and labelling is advisable.
To conclude, the realization of a genuine sustainable bioeconomy needs more than lip service and research funding. Instead of mere symbol politics or sectoral policies, transformation policies promoting sustainable development are needed. Otherwise, attempts to put the bioeconomy into practice might peter out and a transition towards sustainable development would be unduly delayed.
